HARDY [1899] showed that the electrical charge of protein particles is negative in alkaline solutions and positive in acid solutions. The isoelectric point may be defined as the effective concentration or activity of hydrogen ions at which the protein is uncharged or possesses an equal number of positive and negative charges. Many of the properties of proteins, including solubility, osmotic pressure and cataphoresis, are correlated with the charge on protein ions and have been used in measurements of their isoelectric points, recently reviewed by Pauli and Valko [1933].
The sources of error in measurements of membrane potentials have been studied by Adair and Adair [1934] , who devised a method adapted for systems with small potentials. The experiments described in the present communication show that it is possible to determine the isoelectric point of a protein by a similar method, and by correlating the measurements of membrane potentials with studies of the distributions of diffusible ions, made by chemical methods, the isoelectric point may be compared with the isoionic point of the protein.
1. Preparation of CO-haemoglobin.
Horse CO-haemoglobin was crystallised by a modification of the method of Ferry [1923] , based on the fact that this protein is sparingly soluble at the isoelectric point. The haemoglobin of the sheep, like that of man and of the ox, is highly soluble at the isoelectric point and is therefore adapted for experiments which require a wide range of protein concentrations. In the preparation of proteins for measurements of isoelectric or isoionic points, a high degree of purification is advisable, but impurities must be removed under conditions which cause minimum changes in the protein molecule. In the present investigation, comparisons of preparations of sheep CO-haemoglobin, made by different methods, have been made, in order to reduce the risks of error due to impurities and denaturation products.
Method 1. This depends on the use of freshly purified ether and of sodium chloride to separate haemoglobin from the stroma-proteins and from lipins. Laboratory ether generally contains peroxides which cause methaemoglobin formation; the removal of peroxides can usually be effected by five extractions with N/10 sodium hydroxide, followed by four extractions with water. Even with purified ether, it is necessary to cool the mixture to 00 as soon as possible and to remove the ether by dialysis, as described below. The disadvantages attending the use of ether are compensated by a much more complete removal of stroma-proteins and of lipins than is accomplished by alternative methods based on the use of alumina cream [Walker and Williamson, 19201, centrifuging or certain processes of crystallisation.
For the preparation of sheep CO-haemoglobin, defibrinated blood was saturated with pure carbon monoxide and cooled for an hour at 00. The plasmaproteins were removed by four centrifugings, 1-5 % NaCl being used to wash the corpuscles. A rubber-tipped glass rod was used to mix the corpuscles adherent to the bottom of the centrifuge-tube with the salt solution. The volume of the corpuscles was estimated, and for each 100 ml., 30 ml. of distilled water were used to wash the corpuscles into a flask, where laking was completed by the addition of 30 ml. of purified ether in the course of about 3 minutes' shaking. 13 g. of NaCl were then added, to shrink the swollen stromata, and the mixture was shaken until the salt had dissolved. After centrifuging (for about 10 minutes at 3000 r.p.m.) the stromata rise to the top in the form of a solid cake, and the clear solution of haemoglobin can be removed by means of a pipette. If contamination by stroma proteins occurs, it may be removed by filtration through cotton wool. The haemoglobin solution was then placed in collodion membranes and dialysed against distilled water at 00, the water being changed about 6 times at intervals of one hour on the first day and at three hour intervals on subsequent days. Overnight, the membranes were left in a volume of water at least 10 times as great as the volume of the membrane. In order to concentrate the solutions, the membranes were connected with reservoirs of air or carbon monoxide, under a positive pressure of about 700 mm. Hg. After dialysis against distilled water for 3 days, the protein was dialysed against buffer solutions, as described in the following section.
Method 2. The corpuscles were laked with an equal volume of distilled water, without using ether, and 1 % NaCl was then added. A part of the stromaprotein could be removed by centrifuging, and further purification could be effected by pressure dialysis against distilled water, when a gelatinous precipitate formed on the membrane. It was generally necessary to change the membrane several times to ensure efficient dialysis and approximately complete removal of stromata.
Method 3. The solution freed from stromata and from ether and salt by method 1 was crystallised by the addition of ammonium sulphate at 00. A 22 % solution of CO-haemoglobin was mixed with an equal volume of M/15 Na2HP04, since a slightly alkaline reaction inhibits methaemoglobin formation; conditions favourable for crystallisation were then determined by trials with samples containing from 1-02 to 1-2 ml. of saturated ammonium sulphate per ml. of the diluted protein solution. Thin layers of the mixture exposed to the air usually crystallise within an hour or two, and these crystals can be used to seed the samples. The stock solution was then crystallised in a bottle containing carbon monoxide, with the addition of the determined amount of ammonium sulphate and about 5 ml. of previously crystallised solution. The mixture was shaken at intervals, and if necessary, after crystallisation had started, the yield of crystals was increased by the addition of more ammonium sulphate. The crystals could be separated from the mother-liquor by filtration through a Biichner funnel; they were then washed with a mixture of 110 ml. saturated ammonium sulphate and 100 ml. M/15 Na2HP04 or (NH4)2HP04, saturated with carbon monoxide.
The crystals were then dissolved in the minimum volume of water and dialysed.
All the above operations were carried out at 00. The yield was about 60 % of the total haemoglobin. Recrystallisation was brought about by the same procedure.
Method 4. The mother-liquor from the crystals prepared by method 3 was placed in large membranes and concentrated by dialysis against distilled water under a pressure of about 600 mm. Hg.
2. Experimental methods for the determination of the isoelectric point from measurements of membrane potential.
The apparatus for the measurement of membrane potentials, including collodion membranes and saturated calomel KCI electrodes, has been described in a previous paper [Adair and Adair, 1934] . In determinations of the isoelectric point, a series of membranes was prepared, filled with protein solution and placed in pyrex tubes or beakers containing a series of buffer solutions at different pH values, exemplified by the lists of solutions in Tables IV and V. The solutions and electrodes were kept in a room at0°+ 0-2. The increase in the stability of the proteins and the inhibition of bacterial action at low temperatures made it possible to continue equilibration for 10 days or more, with repeated changes of buffer mixtures, and to make rigorous tests of equilibrium. If the membranes were fitted to manometers, osmotic equilibrium was determined as described by Adair [1925, 2] ; if the membranes were stoppered with rubber bungs, the membrane potentials were determined at intervals until constant readings were obtained. Large volumes of dialysate were required for concentrated protein solutions equilibrated with dilute buffers.
By dialysis with repeated changes of buffer mixtures, it is possible to make a series of experiments with varyingPE and constant phosphate concentration, or at a constant ionic strength. In the experiments of Loeb [1924] , of Taylor [1924] and of Henriques [1929] Adair [1928] .
2. The membrane potential E and the PH of the dialysate are determined for each of the systems, and the point where E = 0 is found by interpolation, as shown in Fig. 1 . If the protein concentrations are not identical, a correction can be applied, based on the observation that the ratio E/IC is approximately constant, when E is small [Adair and Adair, 1934] .
Theoretically, the two methods should give the same results, since the membrane potentials and the PH values of the protein solution and the dialysate, symbolised pH' and p1,,, are correlated by a thermodynamical formula due to Donnan and Allmand [1914] , equivalent to formula 1 below, in the case of measurements at 00, as stated by Adair and Adair [1934] :
E=54 16 (PH'-PH")
)...... M E= membrane potential in millivolts at 00.
In this equation and in all the formulae and tables given below where it is necessary to distinguish between the protein solution and the dialysate, the same notation is used. The symbols with two accents refer to the dialysate. Method 2 is preferable in the case of haemoglobin solutions on account of the difficulties of hydrogen electrode measurements in the protein solutions. Both methods are based on the assumption that a saturated solution of potassium chloride annuls the liquid junction potentials, and therefore the results may be regarded as conventional rather than as absolute values.
In special cases where the volume of the solution available is very small, approximate determinations may be made by a third method, in which the protein is equilibrated with a dialvsate at a reaction close to the isoelectric point. The hydrogen ion concentration of the protein solution is estimated by formula 1, and the apparent valence np by formula 9, and if np, be not equal to zero, a correction is applied, based on the observations recorded in Section 9, which show that over a limited range of PH, the rate of change of valence with the PH is approximately constant. The protein concentration has been determined by the method of Kjeldahl, supplemented by measurements of densities and of refractions, as described by Adair and Robinson [1930, 1] and by Roche et al. [1932] . In order to calculate the percentage concentration of the protein, symbolised C, in g. dry protein per 100 ml. solution, the nitrogen content of sheep CO-haemoglobin was determined as 16-75 + 0 05 % for crystallised and for uncrystallised protein. The percentage concentration C is directly proportional to the difference between the densities of the protein solution and the dialysate, symbolised D' andD' in the formula D'-D= kd C, where kd is an empirical constant, equal to 0-00257 at 00 and 0-00251 at 180, in the case of solutions of sheep haemoglobin in equilibrium with dilute phosphate buffers. The refractive indices of the protein solution and of the dialysate, symbolised R' andRJ, are correlated with C by the empirical formula R'-R=CX'C, where oc' is equal to 0-001945+0-000005.
The carbon monoxide capacity of the solutions of haemoglobin after equilibration was determined by the method of Van Slyke and Hiller [1928] . Estimations of diffusible substances present in the protein solutions and dialysates, namely phosphates, chlorides, ammonia and bicarbonates were made by methods referred to by Adair and Adair [1934] . Sodium was determined by electrodialysis [Adair and Keys, 1934] Theoretically, such a solution is neither isoionic nor isoelectric, because the addition of a pure protein such as egg-albumin to water increases the acidity, so that the protein may lose hydrogen ions. In the case of egg-albumin, where the PH of pure solutions is approximately 4-8, the concentration of hydrogen ions given off is of the order of 2 x 10-5 equivaient per litre, or 0 01 equivalent per mol. of protein, if the protein concentration be 0-002 M. The titration curves of S0rensen et al. [1927] show that egg-albumin is a protein with a relatively high buffer value, since one molecule (34,500 g.) gives off more than 8 hydrogen ions, if the PH of the solution be increased by 1 unit by the addition of alkali.
The loss of 0 01 equivalent of hydrogen ions per moi. corresponds to an increase of 0-0012 unit in the PH' and therefore the PH of the pure solution may exceed the isoionic point by 0-0012 unit, a correction which can be disregarded in comparison with the experimental errors. At low protein concentrations, where the differences between the isoionic point and the PH value of the pure protein solution are more important, the correction cannot be estimated in the simple manner referred to above, and the determination must be made by the method of S0rensen.
The determinations of the isoionic point of haemoglobin made by previous workers have been obtained at various temperatures; the values may be reduced to 00, using the temperature coefficient of 0-018 PH unit per degree [Adair et al., 1929; Stadie and Martin, 1924] . The titration curves of Hastings, Van Slyke et al. [1924] show that the reduced haemoglobin of the horse has an isoionic point of 6-81 at 380 (7-495 at 0°), and the values for oxyhaemoglobin are 6-70 at 38°(7.385 at 00), with a maximum deviation of 0 07 PH unit. Terroux [1931] , who used the glass electrode, obtained the figure 6-79 at 220 (7-176 at 00) for sheep haemoglobin; Errera and Hirschberg [1933] give 6-55 at 18-20°(6-87-6-91 at 00) for horse haemoglobin. The results of different workers are thus not in agreement. The data of Hastings, Van Slyke et al. [1924] are of special value as they refer to anaJysed solutions of known CO2 and oxygen content.
In the present investigation, three methods have been used for the determination of the isoionic point. By method A, a number of measurements were made by a procedure similar to that of S0rensen et al. [1927] and of Van Slyke et al. [1922] . A concentrated solution of sheep CO-haemoglobin was dialysed for a week against distilled water, then against water containing CO2 for one or two days, to remove bases combined with the protein, and finally re-dialysed against distilled water. Samples of the solution were then mixed with water, dilute HCI and dilute NaOH, and the PH values were determined with the Clark hydrogen electrode. The CO2 contents of samples equilibrated with hydrogen were then measured. The calculations of the acid or base in combination with the protein were then made by formula 3, as described by Van Slyke et al. [1922] and Hastings, Van Slyke et al. [1924] . Within the range of concentrations of the protein and of electrolytes used in this work, the calculations of the acid bound made by these methods are in agreement with the more rigorous methods described by S0rensen et al. [1927] Observations made by this method, recorded in Table XII and Fig. 6 , indicate that the isoionic point, or more exactly, the PE value where A,=0, is approximately 7-4 at O.
In method B, devised to facilitate comparisons of isoionic and isoelectric points under the same conditions, the calculations of the acid bound are based on chemical analyses of the dialysate and of the protein solution, samples of the latter being removed from the membrane just before the measurement of the potentials. Experiments were carried out with a range of buffers, so that the point where Ap= 0 could be determined by interpolation, as shown in Fig. 5 .
In calculations of A, for solutions of haemoglobin buffered with ammonium phosphates, it must be remembered that the analytical results are obtained in terms of total ammonia and total phosphoric acid. Appreciable amounts of un-ionised ammonium hydroxide are present if the PH is greater than 7-7 at O.
Ammonium hydroxide in the dialysate is estimated from measurements of the total ammonia and of the pH bv the application of the law of mass action, and it is assumed that the corrected concentrations, defined by formula 2, are the same in the protein solutions and in the dialysates. The total phosphoric acid in the pH range from 6 to 8 exists mainly in the form of the univalent ion H2PO4 and the bivalent HPO4; the concentrations of free acid and of the trivalent ion can be neglected. The acid combined with protein can then be calculated without serious error by formula 4:
The symbol [PO4]C' is used to represent the corrected coneentration of total phosphate in the protein solution, in mols. per litre of solvent. x' = the fraction of the total phosphate in the protein solution in the bivalent form; an estimate of x' can be obtained by the procedure below.
In the first place, x", the proportion of the bivalent ion in the dialysate composed of the pure salts NH4H2PO4 and (NH4)2HP04, may be estimated by the application of the law of mass action to the measurements of hydrogen ion activities, or the concentrations of the ions HPO4 and H2P04 may be calculated Table I . Ion distributions and acid combined with haemoglobin. from analytical determinations of total ammonia and phosphoric acid, as shown in Table I , where the value of x" is estimated by the formula
The theoretical distribution ratio for each ion is then calculated by formula 5, a modification of the formula of Donnan and Ailmand [1914] 
(6).
The same notation is used in application of formula 6 to the other diffusible ions.
x' is estimated from these "ideal" concentrations, as shown in Table I . Calculations of A. based on these assumptions cannot be exact, but it is unlikely that the error is serious, since the titration curve obtained by this method agrees with results obtained by method A, as show-n in Fig. 6 . In practical applications of formula 4, it is advisable to use solutions in which the protein concentration, C, exceeds 20 g. per 100 ml. solution, since an error of 0*00032 mol. per litre in the estimation of ammonia may cause an error of 0 01 pTH unit in the determination of the isoionic point of a solution in which C,=26*8 and mp=0*004, whereas in a solution where C,=2 68, the same error in the analyses causes a tenfold increase in the errors in the estimation of A,, and of the isoionic point.
Gasometric analyses showed that the protein solutions dialysed against ammonium phosphate buffers may contain from 0.0001 to 0*0002 mol. of CO2 per litre, concentrations which are too low to cause serious errors in the estimation of the isoionic point of solutions where CQ exceeds 20. In similar solutions dialysed against distilled water, the CO2 content may be as much as 0-004 mol. per litre.
Method C is based on the hypothesis that if inorganic salts cause a difference between isoionic and isoelectric points, either by the combination of ions with the protein or by their effects on interionic forces, such differences must diminish as the salt concentration is reduced. A series of measurements of the isoelectric point was made and plotted against /,u, the square root of the ionic strength of the dialysate, as shown in Fig. 7 . If a straight line be drawn through the points and extrapolated to zero salt concentration, the pH1 value obtained is not far removed from the isoionic point determined by method B.
The comparison of different preparations of haemoglobin.
In order to determine whether the proteins prepared from the bloods of different individuals are identical [Barcroft, 1928] , a number of preparations of CO-haemoglobin were made from sheep's blood by method 1 and equilibrated with ammonium phosphate buffer mixtures. Seven preparations gave a value for the isoelectric point of PH 7-06 + 0-01 at 00. The values for the remaining preparations ranged from 7-0 to 7-14, with one exception, which gave the value 6-75; this material had been exposed to high temperatures during centrifuging. The experimental determinations of the isoelectric and isoionic points represent the total protein present in the preparations, which contain traces of other derivatives in addition to CO-haemoglobin. Oxyhaemoglobin is present in all solutions containing dissolved air, but the titration curves of Hastings, Sendroy et al. [1924] and measurements of cataphoresis [Svedberg, 1933] indicate that replacement of oxygen by carbon monoxide causes no change in the isoelectric or isoionic points. The isoionic point is affected by reduction, but the concentration of reduced haemoglobin is very' small in the presence of carbon monoxide at 00. Methaemoglobin or other derivatives which do not combine reversibly with oxygen and carbon monoxide are formed during the preparation of haemoglobin. The uncrystallised haemoglobin made by method 1 combined with 1*27 + 0 03 ml. CO per g. protein; crystalline haemoglobin prepared by method 3, combined with 1-21 + 0 04 ml. CO per g. protein.
If the difference between these figures and the theoretical value of 1-34 ml. per g. be attributed to methaemoglobin, the proportion of this protein is about 5 % in the uncrystallised and 10 % in the crystallised preparations. If the protein be completely changed into methaemoglobin, the isoelectric point is increased from PH 6-92 to 7 04 [Svedberg, 1933] , whereas the isoionic point is increased by 015 + 0.05 PH unit [Hastings et at., 1924] . The variations in isoelectric and isoionic points attributable to the formation of 10 % of methaemoglobin are 0-006 and 0-015 PH unit respectively.
Unpublished experiments have shown that the denaturation of haemoglobin may yield products that are more acidic or more basic than native haemoglobin, and it is conceivable that the formation of soluble derivatives of a type intermediate between native and denatured protein might account for the va.riations in the isoionic points of haemoglobin shown in Table II and by other workers. The possibility that there are slight irreversible changes in the protein is indicated furthermore by the observation that a preparation kept at 00 for 16 months showed an increase in isoelectric point from 7 00 to 7 07, without appreciable change in the CO capacity. It is possible that the anomaly in the isoelectric behaviour of gelatin described by Pauli and Valko [1933] can be accounted for by differences in individual preparations.
It is unlikely that the solutions used in this work contained appreciable amounts of completely denatured haemoglobin, since the protein was highly soluble at the isoelectric point and formed a wholly crystalline solid phase on addition of ammonium sulphate. The osmotic pressures, moreover, were all within 4 % of the mean value of 105-5 mm. at 00 for a solution with mp = 0 004, without making corrections for the variations of pressure with the charge on the protein ions, which would reduce the differences observed.
Comparison of crystallised and uncrystallised haemoglobin prepared from the same blood, recorded in Table III, shows that the isoelectric point of the crystallised preparations is at a more alkaline PH. No appreciable difference Table III (sent to Upsala in ice in a thermos flask) and found that the bulk of the protein, with a light absorption of wave-length 5-600 m,u, was homogeneous [Pedersen, 1933] . A trace of a substance with a different mobility was detected, a Jarger amount of this being present in the crystallised than in the uncrystallised material. The isoelectric point was at PH 7 09 for both preparations, measured by cataphoresis at 20°with KH2PO4-Na2HPO4 buffers of 0-02 ionic strength. In view of Dr Pedersen's results, it seems that the haemoglobins made by methods 1 and 3 are much more nearly homogeneous than the preparations obtained by Geiger [1931] , who reported the presence of relatively large amounts of two different fractions, isolated by the method of cataphoresis.
Measurements were made to determine whether ether has an injurious effect on the protein. The isoelectric points of preparations made with and without ether are not identical, but the mean difference found of 0 05 PE unit is not excessive. It is probable that the preparations made with ether give a better approximation to a pure, unaltered protein, since the material obtained without the use of ether was kept at room temperature for a longer time, in efforts to remove stroma-protein by centrifuging. Measurements of the carbon dioxide dissociation curves of human haemoglobin showed no evidence of irreversible changes in the protein caused by the addition of ether during the process of laking [Adair, 1925, 1] .
The comparisons of different preparations of sheep CO-haemoglobin have not been restricted to the measurements given in Tables II and III . The evidence as a whole has shown that although the absolute values of the isoelectric and isoionic points are affected by the methods of preparation, there are properties of the protein which are practically constant, including the changes in the membrane potentials and the valences with the PH, the effects of salts on the isoelectric point and the effects of the protein on the activities of the diffusible ions. In the following sections, which are concerned with the properties which are more nearly constant, detailed comparisons of different preparations have not been recorded.
It is possible that the variations in the isoelectric and isoionic points of individual preparations of sheep haemoglobin would be less marked in the case of ox haemoglobin, since the globin moiety of this protein is more stable.
5. Haemoglobin and ammonium phosphate.
In the investigation of the equilibrium of sheep CO-haemoglobin and ammonium phosphate buffers, recorded in Tables IV, V, VI, VII and V'III, a single preparation of protein was used in each series of experiments, in order to obtain comparable results in studies of the effects of hydrogen ions and salts on the membrane potentials. If a curve be constructed from data obtained with more than one preparation, allowances must be made for differences between the preparations, referred to in Section 4. With the exception of the experiments with crystalline haemoglobin, given in Table VIII, the haemoglobin was prepared by method 1. Estimations of the isoelectric points of the preparations are included in Table II. The solutions of ammonium phosphates NH4H2PO4 and (NH4)2HP04, used in the dialysis fluids, were prepared from recrystallised salts or from an analysed sample of A.R. (NH4)2HP04, which gave theoretical values for ammonium and phosphoric acid. Glass-distilled and boiled-out water was used and the solutions were stored at 00. In estimations of the ionic strength and other calculations, it has been assumed provisionally that the salts are fully ionised in accordance with recent work on strong electrolytes [Debye and Hiickel, 1923] . On this assumption, the ionic strength u, defined as half the sum of the concentrations of the ions in the dialysate, multiplhed by the squares of their valences, is equal to Table IV gives the experimental data required for the determination of the isoelectric point by interpolation (method 2, Section 2) as shown in Fig. 1 , in S-6-0 --6-2 6-4 6-6 6-8 7-0 7-2 7-4 7-6 7-8 PH of dialysates Fig. 1 Table IV . Circles, preparation 1931, 4; crosses, preparation 1931, 5. systems in which the molarity of the dialysate is kept constant. The measurements of the concentration of ammonia and phosphoric acid included in this table were used in the calculations of the acid bound by the protein, the valence of the protein (formula 9) and the isoionic point (method B, Section 3), shown in Fig. 5 . Values of the ratio of the activity coefficients f'If'po4, based on data in The membrane potentials recorded in Fig. 2 show that an increase in salt concentration displaces the isoelectric point towards the acid side, and reduces the slopes of the curves, in accordance with formula 8, a result which indicates that the membrane potential varies inversely as the ionic strength of the dialysate. The intersections of the curves shown in Fig. 2 The addition of 0 05 mol. of sodium chloride to the sodium phosphate buffer, increasing the ionic strength from 0*02 to 0 07, alters the isoelectric point to a more acid reaction. The difference of 0 09 to 0-12 pH unit is in the same direction as that observed when the ionic strengths of ammonium phosphate buffers are increased over the same range, but the change in isoelectric point with ammonium phosphates is about 0-46 PH unit. There is little doubt that this difference between the effects of chlorides and phosphates on the isoelectric point is correlated with the observation that the diminution of the activities of the ions caused by haemoglobin is greater for phosphates than for chlorides, as shown by Adair [1928] and by the measurements recorded in Table X, which includes some the membrane potentials with sodium phosphates. The observed points are close to the calculated curve, and it seems that the general forms of the curves given by sodium and by ammonium phosphates are almost identical over the range investigated. The broken line, marked NaCl, shows that the addition of 0.05 mol. Of sodium chloride to the dia]ysate diminishes the slope of the curves.
7. Equilibrium of protein cry8tats, protein 8olUtion and dialysate. S0rensen [1917] showed that crystals of egg-albumin may contain an amount of combined ammonia or sulphuric acid approximately equal to the amounts combined with the protein solution. His method gives the difference between the ammonia and sulphuric acid, but it caunot give the absolute amounts of acids or bases present in the crystals. The method described below was devised in order to study the absolute amounts. A protein sparingly soluble in the region of the isoelectric point, such as horse CO-haemoglobin, was crystallised by dialysis against 0-01 M ammonium phosphate buffer for about 14 days at 00. A 5 ml. density bottle was fitted to a 10 ml. tube of hard glass, and the vessel so obtained was filled with the crystal suspension and left to sediment at 00. A sample of mother-liquor was obtained from the tube and ifiltered if necessary. After sufficient time had been allowed for sedimentation, the density bottle, containing both crystals and mother-liquor, was stoppered and weighed, and the contents were washed out into a 100 ml. volumetric flask.
If necessary, sodium hydroxide was added to facilitate dissolution of the protein crystals, care being taken that the alkalinity was not sufficient to cause the evolution of ammonia. Analyses were made for protein, ammonia and phosphoric acid content. The corrected concentrations have been calculated by formula 2, and the composition of the crystals estimated by graphical methods.
In an indirect analysis of this type, necessitated by the fact that the crystals cannot be separated from their mother-liquor without alteration in their composition, the experimental errors may be considerable, and the number of observations recorded in Table XI is insufficient for the establishment of definite formulae, but it is evident that of the three hypotheses that the crystals are composed of pure protein, pure protein salt, or protein plus acid plus ammonia, [Adair, 1928] Svedberg's calculations of molecular weights of proteins from ultracentrifugal measurements are based on the specific volume of the dry protein; recalculations based on the density 1-259 give considerably higher values, but there is no fundamental discrepancy because the lower density refers to the protein hydrate. It may be noted that in the cases of haemoglobin and serum-albumin, estimations of the "molar friction" (or of the radius of the particles) from the sedimentation velocities and from the molecular weights [Svedberg, 1930] are in much closer agreement if the results are expressed in terms of the mass and density of the protein hydrate.
In order to minimise the risk of error due to imperfect equilibration, some experiments on the salt distribution in crystals were made by a modified method, in which pure crystals were first formed by dialysis against distilled water; dialysis was then continued against buffer solutions. It was found that the same excess of ammonia and phosphate was present in the crystalline phase as in the systems in which crystallisation was brought about by dialysis against buffer solution.
8. Relationship between osmotic pressure and isoionic and isoelectric points. In solutions of haemoglobin equilibrated with distilled water, containing only slight traces of electrolytes such as ammonia and carbon dioxide, the isoelectric and isoionic points and the minimum of osmotic pressure should be almost identical. At the minimum of pressure published by Adair [1928] , the uncorrected pH of the dialysate, measured colorimetrically at room temperature, is 6-8+0-2.
In systems of this type, measurements of hydrogen ion concentration are more reliable if they are made on the protein solution rather than on the dialysate, which is an unbuffered solution of low conductivity. Table XII records measurements made on haemoglobin solutions at 00, using the hydrogen electrode. The observations are incomplete, since measurements of the C02 content of the protein solution before electrometric measurements are required, In solutions containing salts, for which the isoionic point differs from the isoelectric point, the determination of the minimum osmotic pressure is difficult on account of the relatively small changes in pressure caused by alterations in the hydrogen ion concentration in the region of the isoelectric point. Experiments with 0.01 M phosphate buffers shown in Fig. 4 In solutions of 0.01 ionic strength, where the phosphate is approximately 0 004 M the minimum pressure seems to be near pg 7-4. The minimum in more concentrated buffers appears to be at more acid reactions. It may be noted that in the more alkaline solutions, the change in pressure with pg may be smaller than that calculated for the changes in the ion pressure difference by the formulae given by Adair [1929] and by Adair and Robinson [1930, 2] .
9. Relationship between the buffer value PH and the valence increment fin. The buffer value fiH is defined as the increase in the acid bound by one molecule (67,000 g.) of haemoglobin, divided by the increase in the PH. Hastings, Van Slyke et al. [1924] showed that in solutions of reduced horse haemoglobin at 380, containing 0 03, 0 05 and 0-145 equivalents of sodium ions, the buffer values are 10 0, 10-6 and 11-3 respectively. The buffer value of oxyhaemoglobin varied with the pE. Human haemoglobin has a lower buffer value of 9-2 [Adair, 1925, 1] . In the case of sheep oxyhaemoglobin, the value of fiEg=8 is estimated from CO. dissociation curves [Adair et al., 1929] and fIg [= 7-35-9-3 from measurements made by means of the glass electrode by Terroux [1931] . In the present investigation similar measurements on sheep CO-haemoglobin made with the hydrogen electrode at 0°, shown in Fig. 6 , give a buffer value of 7-7 in the region of the isoelectric point.
The estimation of buffer values from studies of membrane equilibria presents greater technical difficulties than the earlier methods, but for the purpose of this work, the method is of use as a means of comparing the buffer value and the valence increment fin, defined as the change of valence per PH unit; fn cannot be determined by the earlier methods except in the special case of very dilute mixtures of protein and hydrochloric acid, referred to by Pauli and Valko [1933] .
The estimation of the valence np, from measurements of membrane potentials in buffer solutions, has been described by Adair and Adair [1934] but if E exceeds 5 millivolts, there are appreciable differences, as shown by the curves given by Adair and Adair [1934] . In the experiments with buffers of ionic strength 0.01, where the potentials with 20 % solutions may exceed 6-6 6;8 8-0 8-2 9 millivolts, the value of/3 estimated by formula 9 is 3-6, as shown in 3.7
8-6 Na-C1-PO4
,, P04 0-01 6-93 6-9-7*2 4.5
10. Effects of salts on the isoelectric points of proteins.
The results recorded in Fig. 7 indicate that as the salt concentration is increased, the pH of the isoelectric point of haemoglobin at 00 becomes more acid. Michaelis and Davidsohn [1912] The point of maximum precipitation of globulin is shifted to the acid side by the addition of neutral salts, as shown by Hardy [1905] , and it may be noted that Przy1gcki [1931] regards an effect of salts on precipitation as a proof that salts change the isoelectric point, but in view of the more critical work of Hardy and of Cohn [1922] , who discusses the work of Michaelis and Szent-Gyorgyi [1920] and of Hopkins and Savory [1911] , it appears that the point of maximum precipitation depends upon a number of factors. It may be noted that in the case of haemoglobin there is a marked discrepancy between the isoelectric point and the minimum solubility, in that the isoelectric point varies by approximately 0 45 PH unit over a range of 250 [Stadie and Martin, 1924] , whereas the minimum solubility of horse haemoglobin at 250 recorded by Green [1931] is the same as the value of 6*6 at 00 given by Cohn and Prentiss [1927] . Green concluded that salts alter the apparent dissociation constants and presumably the isoelectric point of haemoglobin. A minimum solubility can be obtained where haemoglobin is not isoelectric, as shown by S0rensen and S0rensen [1933] , who published a curve with two minima, at p1 5-4 and at PH 6-6.
The point of minimum swelling of gelatin may be altered by the addition of salts [Kuntzel, 1929] , but here again it can be shown that the evidence is indecisive. Swelling is correlated with osmotic pressure, which in the case of a protein, can be regarded as the sum of two terms, namely pi, the pressure due to the diffusible ions, and pp, the partial pressure of the protein [Adair, 1928; .
The term pi is zero at the isoelectric point and, if p, is unaffected by hydrogen ions, minimum osmotic pressure and swelling should correspond with the isoelectric point, but if hydrogen ions alter the state of aggregation of the protein, or the forces between the particles, the observed minimum is a function of two variables and not necessarily equal to the isoelectric point.
Although the measurements of Michaelis and his colleagues showed no evidence for an effect of salts on the isoelectric point, the more accurate apparatus devised by Tiselius [1930] gave an isoelectric point of PH 4*55 for egg-albumin in acetate buffers of 0-02 ionic strength, containing 0-02 mol. of sodium acetate per litre, whereas the isoionic point is at p11 4-76. Abramson [1933] supports the view that the isoelectric point can be changed by the addition of salts. The measurement made by Tiselius is of greater importance as evidence for a change of isoelectric point than are the results obtained from observations of maximum precipitation and swelling, as the movement of protein particles in an electric field should be more directly correlated with the electric charge on the particles, but the evidence cannot be regarded as an unqualified proof, in view of the observations of Loeb [1924] and of Freundlich [1930] that the cataphoresis of air bubbles is greatly affected by the addition of electrolytes, which suggests that suspended particles are surrounded by a film of water, containing an excess of one species of ion, usually the anion, which moves with the particle. It follows that the addition of electrolytes may cause an uncharged particle to move in an electric field. The theory that a sheath of solution moves with the particle is of interest in connection with the differences between the results of Michaelis and those obtained in the present work. In measurements of membrane potentials, the diffusible ions surrounding the protein are in a state of thermodynamic equilibrium, unaffected by an external electric field. Loeb [1924] made a series of comparisons of the cataphoric potential ;, and of the membrane potential, and concluded that salts with tri-or quadri-valent ions may reverse 4, but only bring the membrane potentials to zero. In the present investigation, where the membrane potential measurements have been more closely spaced, it is evident that there is a limited range of PH values, shown in Fig. 2 , where an increase in phosphate concentration can alter the sign of the membrane potential.
The evidence for a variation in isoelectric point with salt concentration, obtained by measurements of membrane potentials, is of interest as it seems probable that the electric charge or valence of protein ions is correlated with the membrane potentials by the simple formula 8, discussed by Adair and Adair [1934] . It is possible, however, that the results may require correction, as they are based on the approximate assumption that a saturated solution of potassium chloride annuls the liquid junction potentials. The curves in Fig. 2 show that the addition of a small constant correction of 0*3 mv. to the observed potentials tends to diminish the distance between the isoelectric points at different ionic strengths.
The hypothesis that the changes in the isoelectric point caused by salts are entirely due to theliquid junction potentials may be advanced in order to reconcile the results with the conclusion of Michaelis, but it is necessary to postulate the existence of specific effects of haemoglobin on the liquid junction potentials ranging from 1*5 to 3 mv. at different salt concentrations. In the absence of independent evidence, it seems difficult to accept this hypothesis. No evidence of the existence of marked differences between the liquid junctions potentials, due to the unequal concentrations of diffusible ions in the protein solution and the dialysate, was obtained in the comparison of the membrane potentials of haemoglobin with ammonium phosphate and with sodium phosphate buffers, shown in Fig. 3 . In systems where the diffusion potentials play an important part in the observed potentials, the replacement of sodium by an ion of higher mobility, such as potassium or ammonium, may alter the potentials by several millivolts [Bjerrum and Unmack, 1929] 11. Chemicalsignificance ofthe difference between isoelectric and isoionic points. The curves in Figs. 5, 6 and 7 show that in the presence of salts, the isoelectric point of haemoglobin is on the acid side of the isoionic point, at which the protein appears to have a negative charge. The values of the isoelectric points in 0-01M ammonium phosphate buffers, obtained with different preparations of haemoglobin, are not identical, but they all agree in showing a difference of about 0 4 pH unit from the isoionic points of the preparations in the same buffer mixture. The results may require corrections, referred to in Section 10, but it seems probable that the effects of salts on the isoelectric point are mainly due either to the formation of a compound between the protein and the negatively charged phosphate ions, or to the formation round the particle of a layer, containing an excess of phosphate ions. On both of these hypotheses, the protein may diminish not only the activity coefficient of the phosphate ions, a conclusion in accordance with the data in Table XV , but also the mean activity coefficient of the ammonium and phosphate ions, symbolised f±, which can be investigated by chemical methods, without using cells withliquid junctions. In the case of Exp. 654, given in Table I , where the products of the corrected concentrations of the ions NH4+ and H2PO4-in the protein solution and in the dialysate are 0-000556 and 0 0003 respectively, the protein diminishes the mean activity coefficient of the ions by 26-5 %.
Calculations based on the data for 0.01 M buffers, given in The discrimination between the effects of interionic attraction and of chemical combination is a difficult problem. The suggestion that proteins form compounds with heavy metals and with alkaline earths has been made by a number of investigators, referred to by Pauli and Valk6 [1933] , who have given an extensive list of references to papers bearing on the alternative hypothesis that proteins attract ions. The existence of compounds between proteins and the simpler ions Na+, C1-and HC03-has been postulated to account for the effects of salts on the solubility of proteins [Kondo and Hayashi, 1928] , but in view of the lack of discrimination between combination and attraction, and the absence of quantitative data as to the composition of the supposed compounds, their existence is generally discredited.
Evidence in favour of the existence of interionic attractions and repulsions has been obtained in measurements of the osmotic pressure of haemoglobin [Adair, 1928] and of the solubility of haemoglobin [Cohn and Prentiss, 1927] .
In the present investigation, certain consequences of the interionic attraction theory have been compared with the data recorded in Table XV . In the first place, an increase in the valence of the protein, positive or negative, increases the ionic strength of the solution, and according to the theory of Debye and Hiickel [1923] the activity coefficient of the ions is reduced. The experiments recorded in Table XV show that over the range of valences from +1 to -5, protein causes the smallest change in f'If"po4 not at n, =0 but at n= -5. In the second place, bivalent ions are affected more strongly than univalent ions, according to the theory, but an increase in x', the fraction of the total phosphate in the bivalent form, is correlated with an increase rather than a diminution in f'/f"po . In the third place, evidence for and against the existence of compounds can be obtained by examining the equilibrium of crystals and mother-liquor, recorded in Table XI ; it will be noted that there is an excess of phosphate in the solid phase, comparable with that found for protein in solution, and in addition, there is an excess of ammonia. The presence of ammonia and phosphate in the solid phase might be anticipated on the assumption that chemical compounds are formed. The results of the three tests are in favour of combination rather than attraction.
The term b in Table XV represents the "apparent combination" or the sum of the effects of attraction and combination in equivalents of phosphoric acid per mol. of haemoglobin; it may be observed that the increase in b with increasing acidity accounts quantitatively for the difference between PH and fln referred to above.
In planning further tests of the theory, it must be remembered that at the isoionic point, the addition of salts gives a negative charge to the protein, as shown by the experiments made in this work, although the measurements of Hastings, Van Slyke et al. [1924] and of S0rensen et al. [1927] show that there is no change in PH on the addition of salts to isoionic protein. The crystals of isoelectric protein should contain less base, in accordance with the experiments described above. In the case of proteins other than sheep CO-haemoglobin, verylittle evidence is available, since comparativelyfew measurements of isoionic and isoelectric points have been made on the same preparation, with the exception of the work of Tiselius [1930] , referred to above, on egg-albumin. Indirect evidence for a difference between isoelectric and isoionic points has been obtained in the case of serum [Hastings et al., 1927] , haemoglobin [Adair, 1928] and serum-albumin, which were shown to cause a marked diminution of the activities of chlorides and other anions, and relatively little change in the activities of cations [Adair and Adair, 1934] . On the other hand, Hitchcock [1931] found no difference between the isoionic and the isoelectric points of gelatin in acetate buffers.
SUMMARY.
The possibility of determining the isoelectric point from measurements of membrane potentials has been investigated. It seems that the most accurate results are obtained under conditions where concentrated solutions of protein are equilibrated with dilute buffer solutions at 00.
In order to facilitate comparisons of the isoelectric point with the isoionic point, at which the protein neither gives off nor takes up hydrogen ions, methods have been developed for the estimation of the isoionic point from the distribution of salts across membranes.
A study has been made of methods for the preparation of sheep COhaemoglobin, a protein which is highly soluble at the isoelectric point. Slight alterations in the protein may take place on crystallisation, and different preparations are not always identical, but comparative results can be obtained on a given preparation.
At 0°, the isoionic point of crystallised haemoglobin was atpH 7-6. Uncrystallised protein gave lower values of 7-45 + 0 1. In ammonium phosphate buffers, of ionic strengths 0-02, 0-04 and 0 07, the isoelectric points of the crystallised protein were 7*16, 6-91 and 6-70 respectively. Seven preparations of uncrystallised material, with buffers of ionic strength 0-02, gave an isoelectric point 7-06 + 0-01. The isoelectric points become more acid as the salt concentration is increased; the effects of increasing concentrations of chlorides are less than those of phosphates.
There are slight but measurable differences between the results obtained with sodium and with ammonium phosphate buffers.
In sodium as in ammonium phosphate buffers, the increase in the valence of the protein correlated with increasing hydrogen ion concentration is smaller than the increase in the acid bound by the protein.
The minimum of osmotic pressure appears to be at p]E values between the isoionic and isoelectric points.
The distribution of ammonia and of phosphoric acid between protein crystals, protein solution and dialysate has been investigated.
Experiments have been made to test the hypotheses that the proteins combine with ions, or that they attract the ions in their neighbourhood, and it is suggested that the effects of salts on the isoelectric point, and the effects of proteins on the activities of diffusible ions may be due to a reaction of the type +Pr-+ Na+ + Cl-= [Cl Pr]-+ Na+, where +Pr-represents a zwitterion.
